An equation relating the strength (bondforming power) of an spd hybrid bon orbital to the angles it makes with other bond orbitals is formulated and applied in the discussion of the structures of transition-metal carbonyls and other substances by the valence-bond method. The rather simple theory gives results that agree well with those obtained by the complicated and laborious calculation of sets of orthogonal hybrid bond orbitals with maximum strength.
by Cotton as showing that the rhenium atoms are connected by a quadruple bond, and Cotton formulated a simple molecular-orbital theory that provided an explanation of the eclipsed configuration of the two ReCL4 groups, as follows (2) : "The d.a2 y2orbital on each metal atom was assumed to be employed mainly in Re-Cl bonding and the remaining four d orbitals on each metal atom were used to form the Re-Re bond. Overlap of the d52 orbitals give rise to a a bond; overlap of corresponding pairs of the dX2 and dy4 orbitals leads to formation of a pair of r bonds. Finally, overlap of the dxy orbitals gives rise to a a bond. The eclipsed configuration is a consequence of the a component of the bond since that is the only component that is angle-dependent." Neither this nor any other molecular-orbital treatment (3) provides any significant discussion of bond angles and bond lengths or of the relative stability of alternative structures.
I have now found a simple relation between the strength (the bond-forming power) of a hybrid spd bond orbital and the angles that it makes with other similar orbitals that permits the prediction to be made of bond angles, bond lengths, the relative stability of alternative structures, and other properties of compounds of the transition metals. Relation between bond strength and bond angles for spd bond orbitals
The bond strength S of an orbital has been defined (4) as the value in the bond direction of the angular part of the wave function, with the angular wave functions normalized to 4wr. It is a reasonably good measure of the energy of the bond that can be formed by the orbital, with corrections needed, of course; for promotion of electrons, partial ionic character, deviation from electroneutrality, strain energy of bent bonds, and other factors. The values of S for some spd bond orbitals were discussed long ago (4). Hultgren (5) then discussed the problem thoroughly, with, however, the simplifying assumption that the bond orbitals have cylindrical symmetry about the bond axis. A treatment without this assumption has been carried out by McClure (6) .
The two equivalent and mutually orthogonal spd orbitals with maximum strength in two directions making the angle a with one another can be found by use of Lagrange's method of undetermined multipliers (4) . Their strength is S(a) = (3 -6x + 7.5x2)1/2 + (15 + 6x -7..5x2)"/2 [1] in which x = cos2(a/2). Values of S(a) are shown in Fig. 1 . The best bond orbitals lie at a equal to 73.15' or 133.620. The ranges 65°-85°and 120°-145°involve only a small decrease in S, and we may conclude that these ranges are favored by atoms of the transition metals (7).
For an orbital i at angles aij with other orbitals j the value of Si is assumed to be [2] 
This assumed additivity is seen to have moderate reliability from the approximation of the points in Fig. 2 142 .00 (4) , and 144.00 (2) . The angle 95.5°is the most seriously strained one. It is between pairs of bonds in the oblate tetrahedron, and its contribution to S2, -0.0276, explains its low value.
The nine best spd orbitals found by McClure are oriented as shown in Fig. 3 The coordination polyhedron of McClure, Fig. 3 , comes close to having a plane of symmetry. It is seen that by rotating the lower triangle through 600 (right side of Fig. 3 
Carbonyl compounds of transition metals
In carbonyl compounds of the transition metals some of the carbonyl carbon atoms form single bonds with two metal atoms, and other single bonds may also be formed. For example, in tetraphenylcyclobutadiene iron tricarbonyl (10) , the iron atom forms four bonds with the carbon atoms of the C4 ring. We assign to the enneavalent iron atom, which has received an added valence electron by forming one Fe-CVO+ bond, the orbital structure of the square antiprism Chemistry: Pauling Proc. Nat. Acad. Sci. USA 72 (1975) with cap. The C-Fe-C bond angle is 410. A bend of 250 in the bonds would give the angle between orbitals the acceptable value 710. This bend is small compared with that in the quadruple bond, about 600.
In dicobaltoctacarbonyl (11) , two cobalt atoms are connected by a single bond and two bridging carbonyl groups. The Co2(CO)2 complex does not lie in a plane; instead, there is a dihedral angle of 1270 between the two Co2CO planes. This non-planar structure would be expected from Eqs. 1 and 2. The planar structure has the unfavorable bond angles 490, 490, and 980 at the cobalt atoms. The strain can be relieved by bending the cobalt-cobalt bond to one side and bringing the carbonyl groups toward one another on the other side. The dihedral angle 1270 makes the C-Co-C angles equal to 650. A bend by 45°in the Co-Co bond, considerably less than in a quadruple bond, leads to acceptable values (about 680) for the angle between orbital axes.
The cobalt atom forms double bonds with three carbonyl groups. We assign the orbitals 1, 2, 3, 4, 6, and 9 of McClure's set (Fig. 3) to them, giving an average angle 640 from the pseudo-fivefold axis and OC-Co-CO bond angle 1020, in good agreement with the observed value, 1010. Similar values, 900-110°, are found in many other carbonyls.
A third example is ((CH3)3C4(CH3)s)2Fe2(CO)4 (12 
